Target 7C of the Millennium Development Goals is to "halve, by 2015, the proportion of people without sustainable access to safe drinking water and basic sanitation". However, the corresponding indicator measures the "proportion of population using an improved drinking water source". This raises the question of whether "safe" and "improved" can be used interchangeably. This paper tests this hypothesis by comparing microbiological water quality in 346 different water sources across the District of Amuria in Uganda to each other and to defined standards, including the WHO drinking water standard of zero TTC per 100 ml, and the Ugandan national standard of 50 TTC per 100 ml. The water sources were grouped into six different categories: boreholes, protected springs, covered hand dug wells, open hand dug wells, open water and roofwater harvesting. The paper concludes that the ranking from the highest to the lowest microbiological quality water was: boreholes, protected springs and roofwater harvesting, open and covered hand dug wells, open water. It also concludes that sanitary surveys cannot be used to predict water quality precisely; however they are an essential component of the monitoring of safe water supplies.
INTRODUCTION
Target 7C of the Millennium Development Goals is to "halve, by 2015, the proportion of people without sustainable access to safe drinking water and basic sanitation". However, the indicator for monitoring the proportion of people with sustainable access to safe water is indicator 7.8 which measures the "proportion of population using an improved drinking water source" (UN 2008) . This paper explores the extent to which a range of improved and unimproved sources are indeed safe.
The WHO and UNICEF Joint Monitoring Programme (JMP) (2008) defines "improved" water sources as piped water, public taps, standpipes, tubewells, boreholes, protected dug wells, protected springs and rainwater collection.
However, there are a number of unclear questions such as "can protected hand dug wells provide the same microbiological quality water as boreholes which are generally deeper", and "does roofwater harvesting provide a good alternative where groundwater is not available?"
Previous studies have examined correlations between microbiological water quality and aspects of up to three differing source types (this study compares six different source types). Lloyd & Helmer (1991) reviewed the factors thought to influence the potential for faecal contamination of groundwater sources and found that they fall into two basic categories: (i) the location of the source, with poor locations being close to where surface water can enter the construction of groundwater installations, which can fail to block contamination pathways.
The extent to which improving traditional wells and springs increases water quality is debatable, with only some authors claiming that contamination is reduced (e.g. Howard et al. 2001 Howard et al. , 2003 Sutton 2002) . Other authors claim there is no difference at all (e.g. Godfrey et al. 2006) .
For large diameter wells, the main problem is that despite often being covered at the top with a handpump installed, there may be no well lining or sanitary seal, offering pathways for contamination (Lloyd & Bartram 1991; Lloyd & Helmer 1991; Gelinas et al. 1996) . However, it should be noted that such requisite improvements in source management are often synchronous with improvements in infrastructure (Sutton 2002) .
Some authors have measured microbiological water quality for two or three different types of ground water sources and compared results between them, but have not compared ground water to roofwater harvesting (for example Lavoie & Viens 1983; Lloyd & Bartram 1991; Lloyd & Helmer 1991; Sutton 1994; Magrath 2006) .
The extent to which improved water sources continue to provide protection from contamination in the long term will have a bearing on water safety. Sanitary surveys provide a set of questions that can be used to assess the quality of construction and maintenance of a water supply (Lloyd & Helmer 1991) . Each "yes" answer corresponds to an aspect of poor construction or maintenance. Some authors (for example, Howard et al. 2003; Godfrey et al. 2006 ) have used statistical methods to link specific questions in sanitary surveys to water quality, although they each concentrated on only one source type (protected springs and covered hand dug wells, respectively). This paper aims to assess the safety of improved water sources in terms of microbiological water quality by comparing the water quality of six different source types, 
METHODS

Field area
The study location was primarily Amuria District in NE Uganda, although some sites were visited in the neighbouring districts of Katakwi and Soroti. The study area is flat with wide, shallow valleys that consist predominantly of swampland. Land use is either arable or pastoral with the majority of the population involved in subsistence agriculture. The area is underlain by a crystalline bedrock with a deep overlying weathered layer ranging from 10 to 25 m in thickness (DWD 2003) . Safe water coverage is estimated as 55% by the District Water Office (personal communication 2008).
Water quality indicators
Thermotolerant coliforms (TTC) are widely used as faecal indicator organisms. Although some TTC are capable of survival in decaying plant material and soils, studies in shallow groundwater in Uganda found that 99% of the TTC detected were in fact E. coli (Howard et al. 2003) . TTC were therefore the preferred faecal indicator organism in this study as they can be measured easily in the field using a DelAgua kit (University of Surrey 2004), and no further confirmatory tests were practical in the absence of a fully equipped microbiology laboratory.
WHO (2006) guidelines for safe water state that TTC
should not be present in a 100 ml sample; however, they acknowledge that this target may not be realistic in lowincome countries and encourage medium-term targets to be set, so, for example in Uganda, the Ministry of Water and Environment (2006) has adopted a maximum level of 50 TTC/100 ml for untreated water. This is higher than other developing countries; for example Swaziland has a level of 10/100 ml (Busari 1999) and South Africa has 0/100 ml (Department of Water Affairs and Forestry 1996).
Turbidity was selected as an additional indicator of water quality because it is quick and cheap to measure. Its use as a proxy for TTC measurements is examined in this paper.
Description of different water sources
The following descriptions outline the source classifications in Amuria District.
Boreholes
These are small diameter (less than 300 mm), machine drilled wells and typically 30 -90 m deep. These sources are all cased, screened and equipped with a sanitary seal and drainage aprons. The majority use the India Mark II hand pump.
Protected springs
These are natural springs that are protected with some or all of the following: concrete spring boxes, head walls, drainage channels, fences and cut-off ditches. They are generally located along the borders of the swamps.
Roofwater harvesting
This includes both formal (i.e. with guttering, downpipe, covered storage and tap) and informal (i.e. open container under roof or gutter) systems for the collection of rainwater.
All samples were from metal roofs, but these included houses, latrines, schools and other institutions. Collection vessels are plastic, concrete or metal. These sources tend to be located along or close to main roads and in clusters at commercial centres where buildings tend to be larger and a greater proportion have metal roofs.
Covered hand dug wells
These are hand dug wells (4-5 m deep, 1.5 m in diameter) capped with an apron and a Nira pump. Beneath the apron the well is lined with brick masonry and back filled, although the back fill is not necessarily impermeable.
These features offer more protection than open hand dug wells. The wells are typically 100-150 m from swampland.
Open hand dug wells
These are hand dug wells of circular or rectangular section, typically at least 2 m deep (maximum 30 m deep). They are unlined, uncapped and without pumps. Only a small proportion (seven out of 24 sampled in this survey) have aprons. They are typically built within household compounds. Some wells have part of the shaft sealed with brickwork, and some have a headwall.
Open water
These sources are open to the environment and include rivers, lakes, swamps, unprotected springs and shallow (less than 2 m) scoop holes and pits. Sometimes they are fenced.
Data collection
Data collection was undertaken between May and July 2008, visiting as many villages as possible in the time available (346 in total- Table 1 ).
In each village, the LC1 (Local Councillor 1) provided directions to water sources. Thus most water sources in each village were sampled, although some were overlooked, either due to the lack of knowledge by the LC1, or communication issues. In particular, it is possible that some unimproved or household sources were missed. At each location, three types of data were collected. The incubation unit was calibrated for temperature control (44^0.58C) at the start of the research in line with ISO 9308 (ISO 1998) . Sterilisation of non-disposable items in between uses was done by boiling as methanol was unavailable in the field.
If there was uncertainty as to the likely level of TTC in the water sample, two different volumes were filtered and incubated (e.g. 50 ml and 10 ml, or 10 ml and 1 ml). If two valid counts resulted (i.e. both Petri dishes were readable, and neither exceeded 100 counts (the number at which counting inaccuracies are likely to be introduced)), the count from the larger volume sample was used. If two equal volumes were taken the mean was used.
Thirdly, a sanitary survey was performed. The questions used were taken from Lloyd & Helmer (1991) , the most widely used set (e.g. Sutton 2002; Howard et al. 2003; Godfrey et al. 2006; Magrath 2006) . No recognised set of survey questions for open water sources exists.
Statistical analysis techniques
The indicator data (TTC and turbidity) collected in this study are not normally distributed, (for example, it is expected for certain source types that there will be a large number of zero values and the distribution will have a long tail 
RESULTS AND ANALYSIS Comparison between sources
The percentage of sources with TTC count of zero per 100 ml (the WHO (2006) limit) and less than 50 per 100 ml (the limit set by the Ugandan Ministry of Water and Environment (2006)) and the median values for TTC and turbidity are shown in Table 1 . The distribution of the TTC count and turbidity are shown in Figures 1 and 2 respectively. Figure 1 shows that whilst 89% of boreholes met Ugandan national standards, only about 60% of protected springs and roofwater harvesting sources met these standards and only 26% of covered hand dug wells met the standards, despite all four sources being defined as safe according to the WHO and UNICEF Joint Monitoring Programme (2008) . Table 1 shows a similar trend in the sources meeting WHO standards, with boreholes again having the highest percentage that meet the standard. The only difference for the turbidity indicator was that boreholes were not significantly better than protected springs. 
Comparison between sanitary survey questions
The Kolmogorov-Smirnov test was used to find out if any one sanitary survey question is always associated with poor water quality. For each question, TTC and turbidity values were divided into two sets according to whether the question was answered "yes" or "no". These sets or sub-samples were then tested against each other to see whether they were from the same distribution. This was initially performed on a source-by- One of the problems with this analysis was that for many of the questions, there were very few "yes" answers, meaning that sample sizes were small. This makes it impossible to achieve a statistically significant result. For all the groundwater sources (boreholes, open hand dug wells, protected springs and covered hand dug wells) some of the questions were similar, so it was possible to group the data and reanalyse them. For both TTC and turbidity the significant questions were: † "Is the apron less than 1 m radius around the top of the well?" † "Are there cracks in the concrete apron?"
For TTC an additional significant question was: † "Is there an adequate fence around the well?"
For turbidity an additional significant question is: † "Is the drainage channel cracked, broken or need cleaning?"
Another way to find out if any one sanitary survey question is always associated with poor water quality is to use the Kruskal-Wallis test. A sample for each question was defined which contained the TTC values for each source that gave a "yes" answer. These samples were then compared using the Kruskal -Wallis test. For all five sources, no question was significantly associated with higher or lower quality water.
Comparison between indicators
Thus far, TTC and turbidity have been considered as separate indicators of water quality, and have produced similar, but not identical, results. They are plotted against each other in Figure 5 . The graph shows that when turbidity is high, TTC is also high, but when TTC is high there is a appropriate to take intermediary steps, upgrading to a source with better water quality, but not the best water quality, for example to a protected spring, rather than a borehole.
Sanitary surveys
This study also assessed how the maintenance and construction of the improvements to water sources affected microbiological water quality. Total sanitary survey scores did not correlate well with water quality, which means that poor sanitary scores do not necessarily indicate sources need improvement. This is contrary to the findings of Lloyd & Helmer (1991) , Sutton (1994) , Howard et al. (2003) and Magrath (2006) . The reason for this could be that this study was conducted during the dry season, and measurements were only made at one point in time. Previous studies (for example Howard et al. 2003; Godfrey et al. 2006) found that water quality is typically compromised following rainfall events. Reade (2001) points out that it is often rainwater that transports coliforms into the water source, so lower levels of microbiological contamination would be expected during the dry season.
This study also asks the question "If this sanitary survey question is answered positively, is the water likely to be of poor quality?". The fact that open hand dug wells are the only groundwater source where cracks in the concrete apron, or the absence of a concrete apron were associated with low water quality could highlight the importance of sanitary completion below the apron which is absent in most of these wells. Whilst this assessment is somewhat weak as it is only based on 24 samples, it is similar to the findings of Lloyd & Bartram (1991) , Lloyd & Helmer (1991) and Gelinas et al. (1996) Sanitary surveys seem to logically set out the risks, but this logic is not backed up by the data. Total sanitary scores do not seem to correlate with dry season water quality.
However, sanitary surveys are a vital part of a water safety plan ethos.
The ranking of different water sources should remain the same during the rainy season, although whilst the sources with the best water quality will remain good, the more contaminated sources will have increasingly poor water quality, as rainwater provides a transport mechanism from faeces to the drinking water source.
CONCLUSIONS
This study presents a new dataset testing microbiological water quality against water source type. It was found that the source types ranked as follows, in descending order of water quality from the highest to the lowest: † boreholes † protected springs and roofwater harvesting † open and covered hand dug wells † open water
For the purpose of this study, two definitions of "safe" water were used: either the WHO drinking water standard of zero coliforms per 100 ml or the Ugandan national standard of 50 coliforms per 100 ml. Whilst this study does suggest that "improved" water sources are "safer" than unimproved sources, not all "improved" sources are "safe", using either definition. The MDG target 7C
indicator measures the proportion of the population using an "improved" source, however there may be significantly fewer people using a "safe" source. Boreholes were the safest source, 89% providing water of a microbiological quality that met Ugandan national guidelines, significantly better than any other source type. Protected springs and roofwater harvesting met these guidelines 61 and 63% of the time, respectively, with covered hand dug wells meeting them just 26% of the time.
Improved sources must be well maintained if they are to offer protection to a water supply in the long term. Sanitary surveys can be useful to highlight key aspects of a source's improvement, but these may not always be relevant. They cannot be used to predict water quality precisely, however they are widely considered to be an essential component of the monitoring of safe water supplies.
